Invasive candidiasis is a leading cause of mycosis-associated morbidity and mortality (28) . The new echinocandin class drugs caspofungin (CSF), micafungin (MCF), and anidulafungin (ANF) are widely used for primary therapy (8, 18, 36) . Recent surveillance studies confirm that after several years of patient exposure, these drugs retain potent in vitro activity against a wide range of Candida spp. (12, (25) (26) (27) . However, these studies also reveal Candida spp. with reduced echinocandin susceptibility, such as Candida parapsilosis, which have MICs 10-to 100-fold greater than those observed for Candida albicans. Moreover, the recently described C. parapsilosis sibling species, Candida orthopsilosis and Candida metapsilosis (35) , also show higher MICs for echinocandin drugs (14, 17) . Although the elevated MICs for the C. parapsilosis group do not appear to result in significant clinical failures (3) , there is a concern that such strains may be predisposed to higher-level resistance. This is not a minor concern, as C. parapsilosis is one of the most common non-albicans Candida species isolated from blood worldwide, especially in Latin America (1, 4, 6, 7, 24, 25, 29) . C. parapsilosis infections are prevalent in low-birthweight neonates, surgical patients, and those with indwelling invasive devices (31) (32) (33) .
Echinocandin drugs inhibit the fungal ␤-1,3-glucan synthase (GS) complex, which is responsible for the biosynthesis of the principal cell wall glucan, by targeting the putative catalytic subunit Fks1p (9, 10) . Resistance to these antifungal drugs is associated with mutations in two highly conserved regions of Fks1p, known as hot spot 1 and hot spot 2 (15, 21, 22) . A naturally occurring amino acid polymorphism in the highly conserved Fks1p hot spot 1 region from C. parapsilosis relative to other Candida species has been suggested to be responsible for the reduced echinocandin susceptibilities of these species (22) .
The objective of this study was to determine if the intrinsic reduced echinocandin susceptibilities showed by C. parapsilosis, C. orthopsilosis, and C. metapsilosis are due to the naturally occurring amino acid change in the hot spot 1 region of Fks1p. To achieve this goal, glucan synthases were isolated from control and clinical strains, and their kinetic inhibition properties were studied. Moreover, clinical strains of C. albicans and C. glabrata containing mutations at the equivalent position in Fks1p, as well as an engineered strain of Saccharomyces cer-evisiae, were evaluated. Overall, this study provides evidence that a naturally occurring amino acid change in Fks1p from the C. parapsilosis group accounts for their inherent reduced susceptibilities to echinocandin drugs.
MATERIALS AND METHODS
Strains and compounds. The 16 strains used throughout this work are listed in Table 1 . The echinocandin drugs used were CSF (Merck & Co., Inc., Rahway, NJ), ANF (Pfizer, New York, NY), and MCF (Astellas Pharma USA, Inc., Deerfield, IL). The drugs were obtained as standard powders from their manufacturers. CSF and MCF were dissolved in sterile distilled water, and ANF was dissolved in 100% dimethyl sulfoxide (Sigma-Aldrich). Stock solutions of each drug were kept at Ϫ86°C. C. parapsilosis ATCC 22019 and Candida krusei ATCC 6258 were used as control strains for antifungal susceptibility testing.
Antifungal susceptibility testing. Echinocandin drug susceptibility testing was performed in accordance with the guidelines in CLSI document M27-A2 (19) with the modifications previously suggested (20, 25) . S. cerevisiae MICs were obtained using the same procedure but using YPD (1% yeast extract, 2% Bacto peptone, 2% dextrose) broth medium.
Identification of FKS in C. parapsilosis, C. metapsilosis, and C. orthopsilosis. The FKS1 sequence from C. albicans (GenBank accession no. XM_716336) was used to search the C. parapsilosis genome databank at the Sanger institute website (http://www.sanger.ac.uk/sequencing/Candida/parapsilosis/). This sequence showed high homology with three different C. parapsilosis sequences. Annotations were assigned to the putative C. parapsilosis, C. metapsilosis, and C. orthopsilosis open reading frame sequences by BLASTX comparison with S. cerevisiae, C. albicans, and the nonredundant-gene database from GenBank. Moreover, synteny analysis with C. albicans and S. cerevisiae unambiguously identified these genes as FKS1, FKS2, or FKS3 (GenBank accession no. EU221325, EU221326, or EU221327, respectively). Related annotations were obtained from the Saccharomyces Genome Database (SGD) (http://www.yeastgenome.org/) for S. cerevisiae, from the Candida Genome Database (CGD) (http://www.candidagenome .org/) and CandidaDB (ftp://ftp.pasteur.fr/pub/GenomeDB/CandidaDB/Flat Files/) for C. albicans, and from GenBank (http://www.ncbi.nlm.nih.gov/).
DNA sequence analysis of Candida FKS genes. Genomic DNA was extracted from yeast cells grown overnight in YPD broth medium with a Q-Biogene (Irvine, CA) FastDNA kit. PCR and sequencing primers were designed based on the C. parapsilosis FKS1, FKS2, and FKS3 gene sequences (GenBank accession no. EU221325, EU221326, and EU221327, respectively); C. albicans FKS1 and FKS2 gene sequences (GenBank accession no. XM_716336 and XM_712867, respectively); and C. glabrata FKS1 and FKS2 gene sequences (GenBank accession no. XM_446406 and XM_448401, respectively). Also, the hot spot 1 and 2 regions of the C. metapsilosis and C. orthopsilosis putative FKS genes were amplified and sequenced using Candida FKS universal primers flanking the FKS1 hot spot regions (1HS1F/1HS1R and 1HS2F/1HS2R primer sets) ( Table 2) . Based on the information derived from the sequencing of the first PCR fragments, specific C. metapsilosis and C. orthopsilosis primers were designed to amplify and sequence the region in between both hot spots ( Table 2) . DNA sequencing was performed with a CEQ dye terminator cycle sequencing quickstart kit (Beckman Coulter, Fullerton, CA) according to the manufacturer's recommendations. Sequence analysis was performed with CEQ 8000 genetic analysis system software (Beckman Coulter, Fullerton, CA) and BioEdit sequence alignment editor (Ibis Therapeutics, Carlsbad, CA).
Directed mutagenesis of S. cerevisiae FKS1. A novel two-step replacement method for PCR-based site-directed mutagenesis was employed (S. Katiyar and T. Edlind, unpublished results). In step 1, a partial internal FKS1 deletion (fks1⌬453-649) was constructed with a PCR-generated URA3 cassette. This deletion conferred sensitivity to calcineurin inhibitor FK506, which is required for expression of the "backup" gene FKS2 (9) . To generate BY4742 fks1⌬453-649::URA3, primers FKS1-453-URA3F and FKS1-649-URA3R (Table 2) were designed with 20 bases at their 3Ј ends to amplify URA3 plus flanking sequences and 40 bases at their 5Ј ends homologous to FKS1 sequences upstream of codon 453 and downstream of codon 649, respectively. The template was the URA3-containing plasmid pRS416 (GenBank accession no. U03450). PCR was performed with ExTaq polymerase as recommended by the manufacturer (Takara Bio USA). Products were purified (IsoPure; Denville), and about 1 g was used to transform BY4742 with selection on SD-URA plates (11) . Colonies were screened for sensitivity on YPD plates containing 0.75 g/ml FK506 (Tecoland, Edison, NJ). PCR with primers FKS1-375F and URA3iR was used to confirm the deletion and replacement with URA3.
In step 2, the deletant was transformed with an FKS1 PCR product that spanned the deleted region but incorporated all 4 bases (N) into the first position of codon 647. Mutagenic reverse primer FKS1-mut647R (Table 2) , which incorporated 43 bases at its 5Ј end homologous to the FKS1 sequence downstream of codon 647, followed by codon 647 (replaced with N at its first position), followed by an additional 14 upstream bases at its 3Ј end, was designed. This primer was used for PCR in conjunction with forward primer FKS1-375F and wild-type BY4742 DNA as a template. The product was purified and about 1 g transformed into the fks1⌬453-649::URA3 strain described above, with selection on FK506 plates. Colonies were screened on SD-ura medium for loss of URA3, and PCR with primers FKS1-375F and FKS1-707R was used to confirm FKS1 reconstitution. To confirm the FKS1 restoration, FKS1 regions corresponding to codons 453 to 649 were amplified and sequenced employing the same PCR product and primers. Echinocandin susceptibility was determined with YPD medium, as described previously (34) .
GS isolation and assay. All the isolates used in this work were grown with vigorous shaking at 30°C to early stationary phase in YPD broth, and cells were collected by centrifugation. Cell disruption, membrane protein extraction, and partial GS purification by product entrapment were performed, as described previously for wild-type C. albicans, C. glabrata, and S. cerevisiae strains (21) . When these procedures were employed to obtain GS enzymes from C. parapsilosis, C. metapsilosis, C. orthopsilosis, and mutant C. albicans, C. glabrata, and S. cerevisiae strains, the enzyme activities were 5-to 10-fold lower than those of the wild-type strains. These enzyme activities were not high enough for kinetics studies to be performed. In these strains, the cell disruption procedure was performed using 10-fold more cells. This protocol change was sufficient to obtain GS enzymes with the requisite activity and quality for further kinetic studies. Sensitivity to echinocandin drugs was measured in a polymerization assay using a 96-well multiscreen high-throughput-screen filtration system (Millipore corporation, Bedford, MA) with a final volume of 100 l, as previously described (21) . Serial dilutions of echinocandin drugs (0.01 to 10,000 ng/ml) were used to determine 50% inhibitory concentration (IC 50 ) values. Control reactions were performed in the presence of 1% dimethyl sulfoxide when ANF was used. The reactions were initiated by addition of GS. Inhibition profiles and IC 50 were determined using a sigmoidal response (variable-slope) curve fitting algorithm with GraphPad Prism software (version 4.0; Prism Software, Irvine, CA).
Characterization of glucan product. The product of the reaction mixtures was characterized as ␤(1,3)-glucan by using a Glucatell kit (Associates of Cape Cod, Inc., Falmouth, MA), following the manufacturer's instructions. Microcentrifuge tubes were used to perform the product characterization reactions, which were done with a 100-l final volume. The addition of the GS purified complex was used to initiate the reaction. Reaction mixtures were incubated at 25°C for 60 min and then were stopped by rapid cooling on ice. Using the endpoint assay Glucatell kit and comparing the results obtained with those for the [ 3 H]UDPG incorporation assay, it was established that 2.4 ϫ 10 Ϫ2 nmol of glucose was incorporated (ϳ10 pg of glucan/ml).
Kinetic analyses. All reactions were run in a 96-well multiscreen high-throughput-screen filtration system (Millipore) with a final volume of 100 l. Each well contained 50 mM HEPES (pH 7.5), 10% (wt/vol) glycerol, 1.5 mg/ml bovine serum albumin, 25 mM KF, 1 mM EDTA, 25 M GTP-␥-S, 1 g GS enzyme, [ 3 H]UDPG (7,000 dpm/nmol), and echinocandin drugs, as indicated below. The plates were incubated for 60 min at 25°C. The reactions were initiated by addition of enzyme. [ 3 H]UDPG was used as the substrate in concentrations ranging from 0.015 to 2 mM to determine the different kinetic parameters, which were analyzed by linear regressions to obtain slopes in dpm/min. This value was then converted to nM of glucose incorporated per minute. The maximum veloc- RNA isolation and expression profiling. C. parapsilosis, C. albicans, and C. glabrata strains were grown in YPD and incubated at 37°C with shaking (150 rpm) for 16 h. Total RNA was extracted using an RNeasy mini kit (Qiagen), and gene expression profiles were performed using a one-step Sybr green quantitative reverse transcription-PCR kit (Stratagene, La Jolla, CA) with the Stratagene Mx3005P multiplex quantitative PCR system (Stratagene). Differential expression was analyzed for the three FKS C. parapsilosis, C. albicans, and C. glabrata genes. C. albicans and C. glabrata FKS3 expression profiling primers were designed using GenBank accession no. XM_713421 and XM_449945, respectively. The relative expression levels were evaluated using the Pfaffl method (23). URA3 (for C. albicans, GenBank accession no. XP_721787.1, and for C. glabrata, GenBank accession no. AY771209) and ACT1 (for C. parapsilosis) genes were used for normalization (30) . The primers used for gene expression profiling are listed in Table 2 .
Statistical analysis. The kinetic data are the result of experiments performed in triplicate. Arithmetic means and standard deviations were used to statistically analyze all the continuous variables (IC 50 , K m , V max , and K i ). Geometric means were used to statistically compare MIC results. The significance levels of MIC differences and kinetic parameters were determined by Student's t test (unpaired, unequal variance). A P value of Ͻ0.05 was considered significant. In order to approximate a normal distribution, the MICs were transformed to log 2 values to establish susceptibility differences between strains. Both on-scale and off-scale results were included in the analysis. The off-scale MICs were converted to the next concentration up or down. Statistical analyses were performed with the Statistical Package for the Social Sciences (version 13.0; SPSS, Inc., Chicago, IL).
Nucleotide sequence accession numbers. The full nucleotide sequences of the C. parapsilosis FKS1, FKS2, and FKS3 genes and the partial C. metapsilosis and C. orthopsilosis FKS1 gene sequences determined in this work appear in the GenBank nucleotide sequence database under accession numbers EU221325, EU221326, EU221327, EU350514, and EU350513, respectively.
RESULTS
Identification and comparative genomics of C. parapsilosis, C. metapsilosis, and C. orthopsilosis FKS genes. The FKS1 sequence from C. albicans (GenBank accession no. XM_716336) was used to do a BLAST search of the C. parapsilosis genome databank. The submitted sequence showed high percentages of nucleotide identity with three different C. parapsilosis DNA contigs (contig 174.5, 84%; contig 179.6, 61%; and contig 178.1, 69%), revealing three GS homologs. Comparing these contigs by using BLASTX revealed that contig 174.5 was most closely related to the Fks1p orthologs from C. albicans and S. cerevisiae, while contigs 179.6 and 178.1 were more closely related to orthologs of C. albicans and S. cerevisiae Fks2p and Fks3p, respectively. Moreover, synteny with C. albicans and S. cerevisiae unambiguously identified these genes as FKS1, FKS2, and FKS3. C. metapsilosis (2,663 bp) and C. orthopsilosis (2,467 bp) sequences were compared using BLASTX. Both sequences showed high percentages of identity with C. albicans FKS1p and were considered orthologs.
Full-length C. albicans, C. glabrata, C. parapsilosis, and S. cerevisiae Fks1p, Fks2p, and Fks3p homologs and hot spot regions of Fks1p from C. orthopsilosis and C. metapsilosis were aligned with the ClustalW multiple analysis tool (Fig. 1) . A naturally occurring Ala substitution for a highly conserved Pro residue is apparent immediately distal to the C-terminal end of FKS1 hot spot 1 from C. parapsilosis, C. orthopsilosis, and C. metapsilosis. An additional amino acid change (Val to Ile) was observed in C. orthopsilosis Fks1p hot spot 2. However, this amino acid variant is found in several other echinocandinsusceptible fungal species, including S. cerevisiae and Aspergillus fumigatus (Fig. 1) .
Echinocandin drug susceptibilities. The in vitro activities of ANF, CSF, and MCF against all the strains used in this work are summarized in Table 1 . The in vitro drug susceptibilities of C. parapsilosis, C. metapsilosis, and C. orthopsilosis clinical and control isolates to ANF and MCF were 20-to 50-fold higher than those of the C. albicans and C. glabrata control strains. CSF showed a lower but statistically significant increase in MIC (3.6-to 7.8-fold; P ϭ 2 ϫ 10 Ϫ6 ). C. albicans FKS1 and C. glabrata FKS2 clinical strains harboring the amino acid changes P649H and P633T (equivalent in position to A660 of C. parapsilosis Fks1p), respectively, showed echinocandin drug MICs that were 4-to 21-fold higher than the wild-type strains. Moreover, comparing the MICs obtained for the mutant clinical strains with those obtained for C. parapsilosis and its sibling species revealed no significant difference (P Ͼ 0.05). These data are consistent with an increase in MIC when an amino Inhibition of glucan synthase. To evaluate the in vitro inhibition of product-entrapped enzymes from C. parapsilosis, C. metapsilosis, and C. orthopsilosis, the IC 50 was determined (Table 1). It should be noted that the GS complexes obtained from C. parapsilosis and it sibling species have several Fks isoenzymes, but only one with the P660A amino acid substitution. However, the kinetic profiles did not reveal the presence of mixed enzyme species, as was expected. Only the mutant enzyme was dominant in the kinetic analyses. As a group, these enzymes show statistically higher IC 50 values than enzymes from wild-type C. albicans and C. glabrata strains for all three echinocandin drugs tested (P Ͻ 0.001) (Fig. 2) . The echinocandin IC 50 values obtained for enzymes from the clinical FKS1 mutant isolates of C. albicans P649H and C. glabrata P633T increased 50-to 290-fold and 50-to 164-fold, respectively, relative to those for wild-type reference strains (Table  1) . These higher IC 50 values were consistent with elevated MICs for these strains and mimicked the elevated IC 50 values obtained for the C. parapsilosis group (Table 1) .
To better understand the behavior of echinocandin drugs on the enzymes obtained from C. parapsilosis and its sibling species, a more detailed kinetic study was performed to assess the inhibition constant (K i ) (Table 3) . Overall, the average K i values (n ϭ 3) for the C. parapsilosis enzyme for ANF, CSF, and MCF were 479.9, 19.3, and 407.7 ng/ml, respectively, which were significantly greater than the values of 1.1, 1.5, and 22.2 ng/ml for enzymes from C. albicans (Table 3) . The average K i values for ANF and MCF for C. parapsilosis were more than 21-fold higher than those for CSF (Fig. 2) . A similar pattern was observed with C. orthopsilosis but not for C. metapsilosis, which showed comparable levels for ANF and CSF. The K i values for the P649H mutant C. albicans enzyme for ANF, CSF, and MCF were increased 571-, 204-, and 117-fold, respectively, relative to those for the C. albicans enzyme (Table  3 ). In the same way, the P633T mutant strain of C. glabrata showed a 10-to 451-fold increase in K i for each of the echinocandin drugs (Table 3) .
Kinetic properties of GS. Little is known about the kinetic properties of GS from different Candida species as well as from drug-resistant mutants, and a detailed kinetic study was undertaken to explore these properties ( Table 3 ). The relative affinities for UDPG for GS from C. parapsilosis, C. orthopsilosis, and C. metapsilosis, as reflected in K m values, were on average two-to threefold lower than those for enzymes from C. albicans and C. glabrata (P Ͻ 0.0001) ( Table 3 ). The C. metapsilosis enzyme displayed the lowest average K m value relative to C. parapsilosis and C. orthopsilosis enzymes (P Ͻ 0.001) (0.21 Ϯ 0.01 mM versus 0.55 Ϯ 0.08 mM and 0.72 Ϯ 0.30 mM, respectively) (Table 3) . GS enzymes from C. parapsilosis displayed average V max values (0.47 Ϯ 0.34 nmol/min) that were Ͼ12-fold lower than those from the susceptible C. albicans and C. glabrata strains (P Ͻ 0.001). Significant decreases in V max were observed for C. albicans Fks1p P649H and C. glabrata Fks2p P633T mutants relative to those for fully drug-susceptible GS, suggesting that amino acid substitutions in hot spot 1, resulting in reduced drug susceptibility, may have a kinetic cost to the enzyme and a potential fitness cost to the cell. Validation of Pro-to-Ala substitution (P647A) in FKS1 from Saccharomyces cerevisiae. To confirm that the Pro-to-Ala variant is responsible for reduced echinocandin susceptibility in the C. parapsilosis group, a P647A mutation was engineered into Fks1p of S. cerevisiae. As in most fungi, S. cerevisiae FKS1 encodes Pro at the position (residue 647) corresponding to C. parapsilosis A660. A novel two-step replacement method for PCR-based site-directed mutagenesis was employed (see Materials and Methods). Two clones encoding wild-type P647 and two encoding A647 were identified. The wild-type clones and parent BY4742 exhibited identical echinocandin MICs, while the P647A mutants exhibited 16-fold-elevated MICs for all echinocandin drugs (Table 1) . GS from the Fks1p P647A mutant showed comparable increases in echinocandin IC 50 values of 15.49-, 20.27-, and 33.20-fold (Table 1) and K i values of 34.4-, 6.6-, and 31.9-fold (Table 3) for ANF, CSF, and MCF, respectively. The data strongly support the hypothesis that the P647A mutation alters the echinocandin susceptibility of GS from S. cerevisiae, which is consistent with the phenotypic and biochemical properties of the C. parapsilosis group enzymes.
FKS gene expression differs between Candida species wildtype and mutant strains. Real-time PCR was used to evaluate transcription levels for the three different FKS genes. Table 4 indicates that both FKS2 and FKS3 were expressed at greater levels than FKS1 at 16 h of growing. Moreover, it was confirmed that all three C. parapsilosis FKS genes were expressed at levels comparable to those for the housekeeping gene used (data not shown). FKS2 was expressed at a higher level than FKS1 in the C. glabrata wild-type strain. In contrast, FKS1 was the most dominantly expressed FKS gene in C. albicans. The C. glabrata Fks2p P633T mutant showed a greater FKS1 expression level than FKS2, while the C. albicans mutant showed no significant change compared with the wild-type strain (P Ͼ 0.05). FKS3 gene expression was not detectable in C. albicans and C. glabrata wild-type and mutant strains.
DISCUSSION
The reduced in vitro susceptibilities of C. parapsilosis and its sibling species, C. metapsilosis and C. orthopsilosis, to echinocandin class drugs are notable. Most infections due to C. parapsilosis respond to primary echinocandin therapy (3, 32) , although resistance to CSF resulting in clinical failure has been reported (5) . In this context, there is a concern that as echinocandin therapy expands to countries in Latin America, where C. parapsilosis is a common cause of fungal bloodstream infection (24, 29) , the elevated baseline drug susceptibility could represent an initial step toward clinical resistance or a new factor contributing to an even higher prevalence. The latter notion is supported by a recent report correlating CSF usage and an increased incidence of C. parapsilosis candidemia (13) . Acquisition of resistance to echinocandin drugs in several Candida species and S. cerevisiae is associated with amino acid substitutions in two highly conserved regions of Fks1p or its paralog Fks2p (22) . The highest frequency of resistance mutations is found within hot spot 1 (2). In C. parapsilosis, an Ala at position 660 in Fks1p replaces the Pro found in other fungal species, and this amino acid variation is also observed in Fks1p from sibling species C. metapsilosis and C. orthopsilosis (Fig. 1) . This naturally occurring substitution has not been observed in any other species, although other hot spot 1 substitutions have been identified in species such as Candida guilliermondii, which also show reduced echinocandin susceptibility (15) . Given its location in hot spot 1, it has been suggested that this naturally occurring amino acid change is linked to reduced echinocandin susceptibility (22) . As mutations within the hot spot regions of Fks1p confer growth resistance to echinocandin drugs, they also alter the in vitro sensitivities of the mutant GS enzymes to drug by as much as 1,000-fold (21) . If the P660A change in C. parapsilosis were responsible for the reduced echinocandin susceptibility, then GS from this organism should also show a relative decrease in sensitivity. As shown in Tables 1 and 3 , both the IC 50 and the K i values for GS from the C. parapsilosis group showed 40-to 500-fold less sensitivity to all three echinocandin drugs than those for GS from C. albicans. ANF displayed the largest difference in K i with GS from C. parapsilosis (Table 3) , which may account for the slightly elevated MICs relative to those for CSF and MCF ( Table 1) .
The importance of the C. parapsilosis Fks1p P660A amino acid change was affirmed in an analysis of C. albicans and C. glabrata clinical isolates with highly elevated MICs which harbored amino acid substitutions P649H and P633T, respectively, at this position. Mutant GS from both organisms showed several-hundred-fold increases in K i values for all drugs relative to enzymes from susceptible reference strains (Table 3 ). The data strongly implicate changes in the conserved distal Pro in Fks1p hot spot 1 as playing an important role in phenotypic sensitivity to echinocandin drugs. Final confirmation of the importance of the Pro change was obtained by engineering a P649A substitution into Fks1p from S. cerevisiae. The FKS1 mutations resulted in 16-fold increases in MIC for all echinocandin drugs (Table 1) in growth assays and 7-to 34-fold decreases in GS sensitivity in vitro (Table 3) . Only cells harboring the FKS1 mutant genotype conferred the reduced-echinocandin-susceptibility phenotype, indicating that it is necessary and sufficient. Overall, the data confirm the hypothesis that a variant occurring at the highly conserved distal Pro in FKS1 hot spot 1 accounts for the reduced susceptibilities of C. parapsilosis and its related species to echinocandin drugs.
In the course of this work, we observed that mutations in the hot spot 1 region of Fks1p had little effect on the K m of GS, but they decreased V max in enzymes from C. albicans and C. glabrata. This kinetic effect was mimicked in the engineered Fks1p mutant of S. cerevisiae (Table 3) , and it was reflected in the relatively low V max values obtained for GS from the C. parapsilosis group (Table 3 ). These data suggest that mutations in Fks1p can alter the catalytic capacity of GS, which may have a fitness cost to the cell. This reduced catalytic capacity may help account for the expression profiling data (Table 4) in which a hypothetical biological cost in C. parapsilosis and C. glabrata can be compensated for by increases in the expression levels of the nonmutated FKS genes. Interestingly, the level of expression was not reflected in our kinetic assays, as smooth curves, which appeared as a single kinetic species, were obtained. This contrasts with previous studies from our group, where mixed kinetic species (FKS1p/fks1p) were readily apparent (21) . The majority of the kinetic response for C. parapsilosis group GS appears to be dominated by a single enzyme species (Ͼ80%). This phenomenon could have several possible explanations. One is that expression of FKS2 and FKS3 does not translate into an assembled enzyme, due to posttranscriptional control (e.g., RNA or enzyme turnover), or the enzyme extraction was more selective for Fks1p. The latter is consistent with some of our observations with the S. cerevisiae BY4742-FKS1⌬ strain, where the GS complex (Fks2p and/or Fks3p) was difficult to purify. Experiments are under way in our laboratory to confirm that Candida Fks proteins have overlapping and compensatory functions, as was demonstrated with S. cerevisiae (16) .
